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Abstract
CO2 through the hydrogen manufacturing process in the refinery generates at about 100, 000 tones per year typically.
A small-medium size CO2 geological storage in a distributed CCS plant is needed for the CO2 in the refinery and a
research work commenced in 2010. In the research work, several subjects have been examined about the geological
structure as well as the surface equipments to make clear the distributed CCS plant in the refinery processes. Those
subjects are bundled to aim to create a promotion model in the oil refining industry to make the hydrogen society
with the carbon free. The research includes the simulation for the CO2movement in the geological storage aquifer in
the model field. Simulation, where the TOUGH2 code was used, was carried out in the model field in a case of an
amount of 100,000 tones per year of CO2 into a shallow aquifer.
TOUGH2 code with the parameters as suitable to the micro-bubble as possible was tentatively used and it can come
to a conclusion that the CO2 in micro-bubble will be stored much safely because the smaller buoyancy of the CO2
micro-bubble is expected. The simulation results inferred that gaseous CO2 is stored in the shallow reservoir in the
model field and no leakage is detected during the 20 years injection period.
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Selection and/or peer-review under responsibility of GHGT
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1. Introduction
By rapid increase of the fossil fuel use after the Industrial Revolution, it has been increasing CO2
emissions into the atmosphere and has caused environmental problems, the global warming. Hydrogen is
expected as an energy source which can solve the environmental problem. Hydrogen is used in a fuel cell
electric vehicle and a hydrogen vehicle at this moment and will be expected in fuel cell co-power and
distributed generation system, which has an advantage for the energy security against the energy loss in
the national grid. To popularise of this hydrogen energy, it becomes a subject whether hydrogen is
manufactured cheaply without destroying environment. Producing hydrogen on a large scale is conducted
from refinery off-gas etc. in the petroleum refining industry, where hydrogen is necessary and used
in refinery processes such as the hydro-cracking process and the desulfurization process.
The potential of hydrogen supply from the refining industry is so large and it is certain that the supply
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capacity is sufficient at the early stage in the hydrogen energy society.
Hydrogen processes in the refinery generate CO2 in high purity as by-products. And the innovation of
combining the CO2 geological storage by the CCS technology with hydrogen manufacture in the oil
refining industry is proposed and examined for the low carbon society. The purity of CO2 generated
through the hydrogen manufacturing process in the refinery has not less than 98% by the absorbing
method. In order to utilise such high CO2 purity against the global warming, a research work with a
tentative model and the simulation is conducted. The amount of CO2 generated in an oil refinery, which is
typically 100, 000 tones per year, is suitable for planning a small-medium size CO2 geological storage in
a distributed CCS plant.
In the research work, several subjects have been examined about the geological structure as well as the
surface equipments to make clear the distributed CCS plant in the refinery processes. Those subjects are
bundled to aim to create a promotion model in the oil refining industry to make the hydrogen society with
the carbon free. The research subjects are as follows; survey for the hydrogen generation methods,
examination for the operation to inject a small-medium amount of CO2 (method and facility); estimation
of the geological storage potential near refinery sites in Japan; construction of a conceptual geological
model for the CO2 geological storage in or near the oil refinery; and simulation for the CO2movement in
the geological storage aquifer in the model field. In this paper simulation results are presented and
discussed.
2. Simulation
2.1. Simulation code
A CO2 injection simulation was carried out in the range shown in Fig. 1. We used the TOUGH2 code
with an equation packege of ECO2N for the analysis of carbon dioxide. The TOUGH2, which LBNL has
been developing, simulate and analyse the flow and heat transfer at the multilayer [1]. TOUGH2 with the
ECO2N module is supported for the state of the supercritical carbon dioxide but is not supported in the
Fig.1 The simulation area
The area is defined at the Osaka Bay area in the central Japan. The coordinates are set as shown.
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microbubble condition. Therefore, carbon dioxide is treated as a gaseous state in this study. Parameter in
each block is estimated based on the data in the other area because formation parameters such as porosity
and permeability are not well known in the region,The simulation result does not guarantee the possibility
of geological storage of carbon dioxide by the microbubble but has been examined as a trial in a large
enclosed block model enclosed block model for the geological storage by microbubbles in the region.
2.2. Analysed area
As shown in Fig. 1, a three-dimensional
coordinate is defined in this analysis range.
The analysis area is 7km in the X direction,
10km in the Y direction, and 1.6km in the Z
direction. Block sizes are set to be 200m in X
and Y directions while the block size of 100m
is selected for the Z direction. Each block is
represented as coordinates of the centre such
as (3500, 4900, -500). The X ranges from 100
to 6900, Y ranges from 100 to 9900, and Z
ranges from 0 to -1600 (Fig. 2). Pressure
condition at Y = 100 and are set to be
hydrostatic and the temperature of 15 and
the pressure of 1atm (0.1013MPa) are at the
surface. Other block boundaries are closed
conditions.
Table 1. Rock types and properties
2.3. Geological Setting
The formation, which is lower than the marine clay layer, is mainly composed of coarse terrestrial
sandstone overlain by the marine clay layer with lower permeability. This sandstone layer is, therefore,
suitable for the geological storage of the carbon dioxide in the supercritical state [2]. The porosity and
permeability of the simulation blocks are estimated from the drilling core data in Fig. 3 and are given in
Table1. Low permeability and low porosity in the marine clay layers are given as in ROCK5 and ROCK4.
Relative permeability is simply estimated by a straight line. Physical properties such as porosity below
the depth of 900m are uniform as there is not much information indicated by ROCK9.
depth Rock type Porosity Permeability m2
0 ROCK1 55 5E-14 5E-14 5E-15
-100 ROCK2 55 5E-14 5E-14 5E-15
-200 ROCK3 50 3E-14 3E-14 1E-15
-300 ROCK4 50 3E-14 3E-14 1E-15
-400 ROCK5 30 2E-14 2E-14 8E-16
-500 ROCK6 30 2E-14 2E-14 8E-16
-600 ROCK7 40 3E-14 3E-14 1E-15
-700 ROCK8 40 1.5E-14 1.5E-14 1.5E-15
-800 ROCK9 30 5E-15 5E-15 5E-16
-900 ROCK9 30 5E-15 5E-15 5E-16
Fig. 2 Simulation model and rock types
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2.4. Injection block
In order to reduce drilling costs, it is better to design the CO2 storage in the form of the micro-bubbles as
shallow as possible. But, on the other hand, it is necessary to evaluate the flow of groundwater at the
shallow geological formations. No groundwater flow is expected at the depth of 750m, it has been
estimated. As described above, the clay layer is developed at the geological formation upper than the
depth of 550m. This clay layer is expected as the cap rock for the geological storage. Therefore, in this
simulation study, CO2 is injected at a block of -500m depth. Injection amount was set to be 100,000 tons
per year and the block of (3500, 4900, -500) is selected to inject carbon dioxide.
3. Results
Fig. 4 shows the cross-sectional view of the extent of CO2 gas saturation in 5,11,15, and 20 years after
the start of the injection. The Fig. shows the view of the YZ plane at X = 3500m.The injected gas has
spread around the injection block(Y = 4900m, Z =-500m) and the gas saturation in the injection block
does not exceed 0.4. The gas moves upward, too. Fig. 5.shows the spread of the dissolved CO2 plotted in
the YZ cross-section (X = 3500m) in 5, 11, 15, and 20 years after the injection start. Comparing with Fig.
4, the dissolved CO2 is present in the periphery of the CO2 gas. In this study, higher concentrations of
dissolved CO2 than that of bicarbonate observed as HCO3- ion at hot springs (about 0.001) does not reach
to the surface during the 20-year injection period. The extent of the dissolved CO2 and the CO2 gas in the
injection depth (Z =-500m) are shown in Figs 6 and 7. Since the boundaries of Y = 100 and Y=9900 are
the constant pressure boundary and the closed boundary, respectively, there exist flows in Y direction.
Spreads of the gas CO2 concentration of about 0.01 (1%) at the pore space in 20 years after the injection
are about 800m, 1000m, and 900m in the X, Y, and Z directions, respectively. Spreads of the dissolved
CO2 concentration as the same level as that observed commonly at the hot spring are about 1300m,
Fig. 3 Geological sessions in the Osaka Bay area [2]
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Fig. 4 Extension of the CO2 gas in the YZ section (X=3500m)
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Fig.5 Extension of the dissolved CO2 water in YZ section (X=3500m)
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Fig. 6 Extension of the CO2 gas in the XY plane (Z=-500m)
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Fig. 7 Extension of the dissolved CO2 water in XY plane (Z=-500m)
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1400m, and 600m in the X, Y, and Z directions, respectively. Note that CO2 does not move to the surface
during the injection period.
4. Discussions
Corey-type and van Genuchten-type relative
permeability curves are often used but a
simplified approximation was adopted as this
study is a feasibility study. The simulation in
this study used the relative permeability
approximated by a straight line (Fig. 8). The
relative permeability of the water is zero
where the water saturation up to 0.2 and it
increases linearly. For the gas we have also
adopted a linear approximation. There is a
difference between the Corey-type curve and
the straight line approximation.
As is evident in Fig. 8, there is no significant
difference in the Corey-type and the linear
approximation used in this study for the
gaseous CO2 but the difference exists for the
water. Moreover, absolute permeability is set
to be smaller than the permeability estimated
from the geological section near the model field. Water is easy to move. Thus, the extent of CO2
dissolved shown by the simulation is overestimated.
Permeability distribution has been set to the situation where formation water is easy to move. The
capillary pressure is also ignored and the CO2 gas is easy to move. Because little buoyancy does work for
micro-bubble, it is possible that upward movement of the gaseous CO2 is also suppressed. If the capillary
pressure and the proper relative permeability curve are adopted, the dissolved CO2 water and the gas will
be remained at the injection point and difficult to move upward.
5. Conclusion
In order to evaluate the possibility of leaking upward into shallow subsurface of carbon dioxide in a
micro-bubble state, a simulation of gaseous carbon dioxide into geological formation has been made. The
calculation was performed under conditions that gaseous carbon dioxide of 100,000 tones in a year has
been injected for 20 years and shows no upward leakage.
Also, since the effect of capillary pressure is ignored and the straight line is used in the relative
permeability, the simulation in this study has resulted for both water and gas easy to move upward due to
the buoyancy in the shallow formations. Because micro-bubbles have little buoyancy, it is possible that
upward movement of the micro-bubble is suppressed. Geological storage of the micro-bubble carbon
dioxide storage is highly feasible.
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